The biochemical modifications of two yeast strains, a/a and a/a, have been studied during incubation in a sporulation medium. The increases in dry cell weight, protein, carbohydrate and lipid contents, as well as the variation in respiration rate are quite similar for the two strains. Mating type gene control of sporulation is discussed.
I N T R O D U C T I O N
, Vezinhet, Arnaud & Galzy (197Ia) , Arnaud, Vezinhet & Galzy (1971~2, b) , Chassang, Roger, Vezinhet & Galzy (1972) , and Arnaud, Vezinhet & Galzy (1973) studied the changes in lipid, carbohydrate and oxidative metabolism during yeast sporulation.
Interpretation of the results is difficult: is a given phenomenon directly linked to sporulation or is it simply a consequence of environmental conditions in the medium in which the cells are sporulating ? We have compared two strains of Saccharomyces cerevisiae, isogenic except for the mating type locus. One diploid, a/a, sporulates, while the other, ala, does not. Strains homozygous for the mating type are unable to sporulate (Roman, Phillips & Sands, Roth & Lusnak (1970) have compared the rates of DNA synthesis of a/a and a/a cells in a sporulation medium and found that only in the ala cells is there considerable DNA synthesis during the first hours of incubation.
One of the first steps of sporulation is controlled by the mating type gene. The object of our work has been to determine whether the same applies to the other biochemical modifications which a sporulating cell undergoes.
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hydroxide. The cells were harvested during the exponential phase of growth, centrifuged at 800 g for 6 min, washed with saline solution and resuspended in the sporulation medium at pH 7. Aeration conditions were the same as for cell growth.
Dry weight determination. The dry weight of yeast samples was determined by resuspending the cells in distilled water and drying at I 10 "C. The residue was weighed until no further change was observed.
Determination of protein content. Two methods were used. Sometimes the protein content was estimated using the biuret method of Strickland (1951) . Cells or extracts in solution in tris-EDTA buffer were, prior to assaying for protein, precipitated twice with 5 % (w/v) trichloracetic acid to eliminate interference by the tris buffer with the biuret reaction. In other cases, protein was determined by the method of Lowry, Rosebrough, Farr & Randall (I 95 I), modified to eliminate interference by tris-EDTA with the colour reaction.
Determination of carbohydrate content. Carbohydrate was determined and fractionated according to the method of Trevelyan & Harrison (1956) .
Determination of lipid content. The extraction of total lipid and the fractionation into saponifiable and unsaponifiable parts have been previously described by Chassang et al.
Disintegration of cells.
Yeast cells were suspended in the following medium: 50 mM-tris-HC1 (pH 7-2 at 20 "C) and 0.25 mM-EDTA (pH 7). Yeast suspension (20 mlabout 200 mg cellular protein) was mixed with 8 g glass beads (0.45 to 0.50 mm) and the cells were disintegrated for 3 min (speed I, 2000 oscillations/min) at o "C in a Braun homogenizer.
The homogenate was centrifuged for 10 min at 1200g and the resulting supernatant labelled ' crude extract '.
A part of the crude extract was centrifuged again for 20 min at 24000g and supernatant obtained called S 24.
Enzyme assay methods. Assays were carried out at 25 "C with a PMQ I1 Zeiss spectrophotometer. Quartz cells of light-path I cm were filled with 3 ml of reaction medium. The variation of extinction was observed over 8 min.
Fumarase was assayed by the method of Racker (1950 ) modified by Hirsch (1952 . The molar extinction coefficient for sodium fumarate is 2-11 x 103 cm-l mol-1 at 240 nm Isocitrate lyase was assayed by the method of Dixon & Kornberg (1959) . The molar extinction coefficient for glyoxylic acid phenylhydrazone is 1-7 x 104 cm-l mol-1 at 324 nm Fructose I ,6-diphosphatase (FDPase) was assayed as described by Rosen, Rosen & Horecker (1966) . The molar extinction coefficient for NADP is 6-22 x 103 cm-l mol-1 at 340 nm. Phosphofructokinase (PFKase) was assayed by the method of Sols & Salas (1966) modified by Roger (1973) . The variation in extinction is proportional to enzyme concentration up to a maximum change of 0.03 extinction unitslmin. Thus only very low enzyme concentrations can be used. The molar extinction coefficient for NADH is 6-22 x 103 cm-1 mol-1 at 340 nm (pH 7.2).
Manometric methods. Oxygen absorption was measured by the Warburg method following the procedure of Vezinhet (1970 
RESULTS
All experiments were carried out in parallel on the two strains 532 and 533, to eliminate experimental variation as far as possible. The experimental procedure used is outlined in Fig. I . The cells were studied at two stages. (i) Stage To, cells in the exponential growth phase. We have already shown that cells harvested in this phase sporulate the best (Vezinhet et al. 1g71b ). (ii) Stage T,, where n represents the number of hours in the sporulation medium (generally n equalled IS). At this stage the cells are still 'monocellular'; no individual spores can be seen. The sporulation process is, however, well under way.
In each experiment, the rate of sporulation was noted after 5 days' incubation in the sporulation medium. In all cases we found that the percentage of asci in the cell population was 80 to 95 % for 532 and o % for 533.
Study of the cellular dry weight and protein content
The dry cell weight per unit number of cells was measured several times at each of the two stages To and TI, ( Table I) . The results were more consistent for diploid 532 than for diploid 533. The dry cell weight increased (40 to 50 %) after 18 h incubation in sporulation medium. The cellular protein content also increased slightly (by about 15 %) and then rapidly diminished.
These with no subsequent increase. These authors also noted an increase in protein content of about 15 to 20 % followed by a decrease at the end of the sporulation process. Croes (1967) It is interesting to note that there was no increase in cell number in the sporulation medium ; the variation in the dry cell weight therefore represented an increase in the weight of each cell. The percentage increases in dry cell weight and protein content were exactly the same for both diploids.
Variation in carbohydrate content Variation in carbohydrate content during sporulation has been studied by numerous authors (Pazonyi & Markus, 1955; Vezinhet, 1970; Roth, 1970; Kane, Roth & Erwin, 1972; Arnaud et al. 1973) . In all cases, an appreciable increase in total carbohydrate was observed, this being mainly due to increases in trehalose and glycogen.
Total carbohydrate. The carbohydrate content of the two diploids, 532 and 533, was measured at intervals throughout incubation in the sporulation medium. The mean of the results of two experiments, expressed as Fmol glucose/Iol0 cells, are shown in Fig. 2. During incubation in the sporulation medium (pH 7) the cellular carbohydrate content increased, the increase being 300 to 400 % after 29 h incubation.
Fractionation of carbohydrate. The carbohydrates were fractionated at stages To and T18 and the various fractions assayed. The increase in total carbohydrate was mainly accounted for by the increase in trehalose, while the glycogen content doubled and smaller increases were observed for mannan and glucan ( Table 2) . Table 3 represents each carbohydrate fraction as a proportion of the total carbohydrate. The proportions of each fraction changed between To and T18 but at each stage the values were identical for the two diploids. Arnaud et al. (1973) have also observed the cellular accumulation of trehalose during sporulation. The content of trehalose decreases and that of glycogen increases during ascus formation. No difference in carbohydrate content could be detected between the two diploids. The increases both in the total carbohydrate and in the various fractions were exactly parallel in the two strains.
Activities of phosphofructokinase and fructose diphosphatase. PFKase was used as a measure of glycolytic activity and FDPase as a measure of that of gluconeogenesis, these enzymes being involved in irreversible reactions of the respective pathways. The activity of these two enzymes in the S 24 supernatant was determined at two stages To and T18 ( Table 4) .
FDPase activity was very low in cells growing vegetatively on a glucose-based medium. Gancedo (1971) showed that glucose is an inhibitor of FDPase synthesis. After 18 h incubation in the sporulation medium, FDPase activity increased considerably. This was probably due to a removal of the glucose effect rather than to specific induction by acetate. Gosling & Duggan (I 97 I) showed that an increase in FDPase activity during incubation in sporulation medium paralleled the increase in the content of reserve carbohydrates.
PFKase activity remained constant during the first 18 h incubation in the sporulation medium, suggesting that during the first phase of sporulation glycolytic activity does not change. This observation seems at variance with the increase in cellular carbohydrate content. However, PFKase is an allosteric enzyme, control being exerted on its activity rather than on its synthesis. ATP (Vinuela, Salas & Sols, 1963) and citrate (Salas, Vinuela, Salas & Sols, 1965 ) are inhibitors of PFKase, whereas AMP (Ramaiah, Hathaway & Atkinson, 1964 ) and the ammonium ion (Sols & Salas, 1966; Ramaiah, 1970) reverse the inhibition by ATP. No significant difference between the two strains 532 and 533 was seen in terms of the activities of these two enzymes during incubation in the sporulation medium.
Variation in lipid content during sporulation
Among the numerous granules which form in a sporulating cell, some at least are lipid in nature. An increase in cellular lipid was first demonstrated using cytological techniques (Pontefract & Miller, 1962; M. Roger, unpublished) . These results were then confirmed by biochemical assays. Esposito et al. (1969) demonstrated two phases in the incorporation of acetate into lipids. Chassang et al. (1972) showed a considerable increase in lipids, particularly sterols, during sporulation. Illingworth, Rose & Beckett (I 973) found that triglycerides and sterol esters, and to a lesser extent phospholipids, were responsible for the increase in lipid content in sporulating cells. Miyake, Sando & Sat0 (1971) also described an increase in lipids.
The lipid contents of the two diploids 532 and 533 were determined at stages To and TI, by fractionation of the total lipids and extraction of the saponifiable and unsaponifiable fractions. The saponifiable fraction contains all the fatty acids, while the unsaponifiable fraction contains chiefly sterols but also terpenes and carotenoids. These results are shown in Table 5 . The total lipid content increased twofold during incubation in the sporulation medium. Since the saponifiable and unsaponifiable fractions increased to the same extent, the saponifiable/unsaponifiable ratio remained constant. There was no significant difference between the results for the two diploids 532 and 533. 
Respiration studies
Oxidative metabolism is essential forisporulation to occur. The rate of sporulation is considerably reduced in the presence of erythromycin, an inhibitor of mitochondria1 protein synthesis (Puglisi & Zennaro, 1972) , and respiratory-deficient 'petite' mutants are incapable of forming asci (Ephrussi & Hottinguer, 1951) .
Respiratory activity. The oxidative metabolism of the two diploids was compared firstly by examining the variation of metabolic quotient Qo2 (pl O2 uptake/h/mg dry wt) with acetate concentration (at pH 7) of cells harvested at stages To and T 1 8 . Fig. 3 gives the values for Qot, measured over I h but not corrected for the endogenous respiration. The rate of acetate oxidation of each strain varied little between To and T-8. The range of acetate concentration giving maximum oxidation was however wider at Tl, than at To. This could have been due to an adaptation to acetate during the 18 h incubation in the sporulation medium. In all experiments, the oxidation rate decreased rapidly at acetate concentrations above 200 mM. No clear difference was evident between the oxidation rates for:the two strains 532 and 533. In each experiment, the Qo2 in the absence of added acetate was measured. The endogenous respiration rates at stages To and T18 were 22 and 8 for strain 532, and 12 and 10 for strain 533, respectively. Thus the endogenous reserves of cells in the exponential phase were oxidized at nearly twice the rate in the sporogenous diploid 532. We have already observed a relationship between high endogenous respiration and sporulating ability. After I 8 h incubation in the sporulation medium, the oxidation of the endogenous reserves diminished considerably in both strains. Secondly, the variation of acetate oxidation with time was measured in a Warburg flask over a time course of 30 h. An acetate concentration of 200 mM was used because the preceding experiment showed that oxidation is maximal at this concentration. The oxidation rate increased twofold over the first 5 h incubation in the sporulation medium then decreased rapidly and levelled out after 18 h incubation (Fig. 4 ). No significant difference was evident between the oxidation kinetics of the two strains. These kinetics are in agreement with our previous observations .
Activities of fumarase and isocitrate Zyase. Fumarase was chosen as a measure of the activity of the Krebs cycle, and was assayed in the crude extract. Barnett & Kornberg (1960) and Vandenvinkel (1960) have shown the importance of the glyoxylate shunt to acetate metabolism in yeast. One of its key enzymes, isocitrate lyase, was therefore assayed in the S 24 supernatant. Fumarase activity in strain 532 increased 1-2 to 1.3 times between To and TI, (Table 6) . Isocitrate lyase activity, over the same period, showed a 20-fold increase; this corresponded to the induction of the shunt by acetic acid. Very similar changes in the activities of these two enzymes were observed for strain 533.
Metabolic modijications during yeast sporulation
381 During the first few hours of incubation in the sporulation medium an increase in oxygen absorption occurred. This increase was linked to induction by acetate of the enzymes of the glyoxylate shunt.
D I S C U S S I O N
Cells of the diploid strain 532 underwent a number of biochemical modifications during sporulation. These modifications were in accordance with the observations of previous authors who have studied the physiology of sporulation. In this work we have shown that the diploid strain ala which is incapable of sporulation behaves, when placed in a sporulation medium, in exactly the same way as the sporogenous diploid ala.
Thus the increases in dry cell weight and in protein, carbohydrate and lipid content, as well as the variation in respiration rate are not factors which cause sporulation nor are they direct consequences of sporulation. These metabolic variations are the consequences of the termination of growth and of the action of the medium on cellular physiology. The fact that carbohydrates are known to accumulate in non-proliferating cells in the presence of an exogenous energy source (Panek, 1962; Kuenzi & Fiechter, 1972) supports this conclusion.
The observed modifications are important and some are indeed essential for the differentiation of ascospores and asci, yet they are not the factors which trigger sporulation.
In conclusion it seems that the mating-type genes control sporulation by inhibiting one of the first steps of meiosis, DNA synthesis for example. However, the genes have no direct effect on the regulation of metabolism during sporulation, as was shown by our results.
